Rho is the essential RNA helicase that sets the borders between transcription units and adjusts transcriptional yield to translational needs in bacteria [1] [2] [3] . Although Rho was the first termination factor to be discovered 4 , the actual mechanism by which it reaches and disrupts the elongation complex (EC) is unknown. Here we show that the termination-committed Rho molecule associates with RNA polymerase (RNAP) throughout the transcription cycle; that is, it does not require the nascent transcript for initial binding. Moreover, the formation of the RNAP-Rho complex is crucial for termination. We show further that Rhodependent termination is a two-step process that involves rapid EC inactivation (trap) and a relatively slow dissociation. Inactivation is the critical rate-limiting step that establishes the position of the termination site. The trap mechanism depends on the allosterically induced rearrangement of the RNAP catalytic centre by means of the evolutionarily conserved mobile trigger-loop domain, which is also required for EC dissociation. The key structural and functional similarities, which we found between Rhodependent and intrinsic (Rho-independent) termination pathways, argue that the allosteric mechanism of termination is general and likely to be preserved for all cellular RNAPs throughout evolution.
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Rho is the general transcription termination factor in bacteria. Concerted cycles of ATP binding, hydrolysis and release induce conformational changes that pull the nascent transcript through the central cavity of the Rho hexamer and induce Rho to translocate along the RNA in the 59R39 direction [5] [6] [7] [8] . Classical tracking models postulate that, once loaded onto the nascent RNA, Rho catches up with the EC and pulls the transcript away from RNAP and the DNA template [9] [10] [11] . Extensive biochemical and structural analyses of Rho over the past two decades have explained the molecular details of RNA loading and translocation [5] [6] [7] [8] [9] [10] [11] , but not the actual mechanism of termination. Different models that address this issue have been proposed 9, 10, 12 ( Supplementary Fig. 1 ). Most of these models envisaged RNAP as being passive in the termination process. Indeed, simple kinetics-that is, the speed at which RNAP elongates-is thought to be the major determinant of Rho termination sites, many of which coincide with RNAP pause sites. Although kinetic coupling is certainly an important parameter in controlling the efficiency of Rho termination 13, 14 , it does not define the conformational state of the enzyme, which renders the EC susceptible to Rho.
To study Rho termination in vitro we constructed two templates containing the T7A1 promoter fused to well-characterized Rho termination sequences: trpt9 and aRut [14] [15] [16] . We also used His 6 -tagged RNAP and biotinylated DNA adsorbed to metal-chelating and NeutrAvidin beads, respectively, to permit 'walking' of the EC along the template to a terminator site (see Methods). Under specified chase conditions, termination occurs at many distinct positions within the trpt9 and aRut-lacZ sequences (Fig. 1, left panels) . To determine the parameters of the EC that define the termination site, we selected two representative complexes on each template for detailed biochemical analyses: EC131 (termination-prone) and EC154 (termination-resistant) on the trpt9 template (Fig. 1a) , and EC158 (termination-prone) and EC169 (termination-resistant) on the aRut template (Fig. 1b) . Each individual complex was prepared by walking of the EC followed by treatment with Rho (Supplementary Figs 2 and 3). We monitored inactivation (shown by the inability of the EC to extend the nascent RNA after chasing with a limited set of NTPs) and dissociation (shown by RNA release after washing the beads). Whereas the rate of dissociation was similar between EC131/EC158 and EC154/EC169, the rate of inactivation was significantly faster for EC131/EC158 (Fig. 1) . The inactivation and dissociation rates were identical for termination-resistant EC154 and EC169. These rates were similar to the dissociation rates of EC131 and EC158 (Fig. 1 , middle and right panels). Similar results were obtained for other complexes (Supplementary Figs 2 and 3) . Thus, Rho termination can be viewed as a two-phase process: a fast inactivation (irreversible trap) followed by slow dissociation with inactivation as the rate-limiting step, which determines the position of natural termination sites.
To determine the parameters of EC inactivation by Rho, systematic alterations of the nucleic acid scaffold have been made so that the RNA:DNA hybrid, the catalytic-site base pair (i site) and the downstream DNA duplex of EC158 were modified ( Supplementary Fig. 4 ). Changes in the DNA downstream sequence had little effect on the rate of EC158 termination: inactivation and dissociation rates changed insignificantly, regardless of whether AT-or GC-rich sequences were present downstream of the i site. In contrast, an AT-rich RNA:DNA hybrid had a protective effect against inactivation ( Supplementary Fig.  4 ). These data are inconsistent with a shearing, spooling or forward translocation models that predict an inverse relationship between the termination efficiency and the strength of the hybrid and/or downstream DNA duplex ( Supplementary Fig. 1 ). Two TRG substitutions at the 39 terminus of the hybrid decreased the inactivation rate strongly, whereas shifting the 39 terminal position upstream by one nucleotide increased the inactivation rate substantially ( Supplementary Fig. 4 ). We conclude that Rho termination is most sensitive to sequence alterations in the vicinity of the catalytic site.
We used an RNA crosslinkable probe to monitor changes in protein-RNA interactions in the catalytic site in response to Rho. We incorporated the crosslinkable reagent 4-thiouridine-59-monophosphate (sU) specifically at the Rho termination position (U157 position; Fig. 2a ). To avoid dissociation of EC157sU, the Rho reaction was conducted under low salt conditions, which did not affect the rate of trapped complex formation. At the time of crosslinking, almost all of the Rho-treated EC157sU had been inactivated (trapped). In both the active and trapped EC157sU, the sU probe generated two major crosslinked species corresponding to the b9 and b subunits (Fig. 2b) . However, the ratio between these adducts changed markedly in the trapped complex. Furthermore, the electrophoretic mobility of the b crosslinking adduct differed between active and trapped ECs, indicating a change in the crosslinking site within the b subunit. We mapped the major crosslinking sites to the b9 trigger-loop (TL) domain in both the trapped and active complexes (Supplementary Figs 5-7) . However, the precise locations of adducts within the TL domain differed between the two types of complex (Fig. 2c) . We conclude the following: first, that Rho-induced EC inactivation (trap) is accompanied by alterations of the contacts in the catalytic centre; second, that the conformational change in the TL domain may function in the termination process; and third, that the presence of the RNA 39 terminus in the catalytic centre of the termination (trapped) complex provides direct evidence contrary to both the forward translocation and shearing/spooling models of Rho action.
To identify RNAP domains involved in Rho termination, we examined the effect of RNAP mutations (Fig. 3) . Most of the mutants had no significant effect on Rho termination. However, a mutation in the lid domain (b9 263-265) strongly decreased the termination efficiency (Fig. 3c) without altering the rate of transcription elongation ( Supplementary Fig. 8b ). Mutations in other parts of the lid had little effect on termination (Fig. 3c) . Thus, b9 lid has a specific mechanistic function in the termination process.
Two point mutations (G1136S and I1134V) of the TL domain stimulated Rho termination (Fig. 3a) . The effect of slowly elongating I1134V could in principle be explained in terms of the kinetic coupling model. However, the G1136S mutant showed an increased elongation rate 17 , arguing against a simple kinetic coupling model.
Furthermore, the antibiotic tagetitoxin (Tgt) abolished both Rhomediated inactivation and EC dissociation (Fig. 3d) . Tgt binds RNAP in the vicinity of the catalytic site 18 and stabilizes the TL domain in its folded (closed) state. Mutation of R933A in the TL domain, which prevents Tgt from binding to RNAP, completely abolished the effect of Tgt on termination (Fig. 3d) . This control demonstrates that all the negative effects of Tgt on Rho termination are due to alterations in the properties of the RNAP catalytic centre. In combination with the crosslinking results described above, these findings implicate the conformational state of the mobile TL domain as a key element of the termination process.
To examine further the specificity of Rho-RNAP interaction, the validity of the kinetic coupling model and the role of RNAP domains in termination, we compared the termination efficiency for Escherichia coli RNAP (the natural Rho target) with that for structurally unrelated phage T7 RNAP on the same template (Fig. 3b) . Even though we caused the elongation rate of T7 RNAP to be much slower than that of E. coli RNAP ( Supplementary Fig. 9 ), we detected very weak termination of T7 RNAP but robust termination of E. coli RNAP (Fig. 3b) . Because T7 ECs are less stable than E. coli ECs 19 , we conclude that specific interactions between Rho and E. coli RNAP determine natural termination sites and their efficiency.
The classical tracking model postulates that Rho loads onto the nascent RNA before its contact with RNAP; that is, once loaded, Rho moves along the transcript in pursuit of elongating RNAP (Supplementary Fig. 1 ). To test this model directly we performed a transcription walking reaction in the presence of His 6 -tagged Rho ( 6His Rho) as an affinity tag. The EC containing RNA only 11 nucleotides long Supplementary Fig. 2 ). b, aRut template. Experiments were performed as in a, using EC43, EC158 and EC169 in place of EC21, EC131 and EC154. Left: the distribution of Rho termination sites at the aRut template. Middle: kinetics of Rho-mediated inactivation and dissociation of EC158 and EC169. Further information is given in Supplementary Fig. 3 . Right: the extent of EC inactivation and dissociation after 1 min of incubation with Rho. Taken together, the results indicate that rapid EC inactivation is the determining event at natural Rho termination sites.
(EC11) was retained on the Rho-beads under normal salt conditions (Fig. 4a) , indicating that Rho binds the EC tightly in the absence of any available RNA. Moreover, such a complex between Rho and the initially transcribed EC could be then walked along the template without loss (Fig. 4a, top Rho-EC11 resulted in efficient Rho termination at predictable downstream sites (Fig. 4a, bottom panel) , indicating that the same hexameric Rho acted in the elongation and termination events. Furthermore, preincubation of RNAP with a catalytically inactive Rho mutant (P279S) 16 resulted in defective Rho termination, even after the addition of wild-type Rho (Fig. 4b) . We conclude that the initial binding of Rho to RNAP is strong enough to preclude an exchange of Rho molecules. Rho P279S significantly affected the RNAP pausing profile. A similar effect was observed with wild-type Rho, although it was masked considerably by termination.
Rho associates with RNAP independently of DNA, RNA or other proteins. It binds free RNAP and RNAP:DNA in an open complex in vitro ( Supplementary Fig. 10 ). To address the functional role of early Rho binding to RNAP, we determined the effect of delayed or no Rho binding on termination (Fig. 4c) . Termination efficiency was greater if Rho was pre-bound to the early EC. Indeed, persistent association of Rho with RNAP should markedly increase its local concentration, thereby facilitating the initial loading of Rho onto RNA. As a result of rapid Rho binding to RNAP and the short time window for RNAP 1 NTPs to move without Rho, the most profound difference could be seen only at the early termination sites. We also showed that preincubation of Rho with free E. coli RNAP, but not with T7 RNAP, completely abolished termination (Fig. 4c) . Thus, E. coli RNAP molecules that have not been engaged in transcription sequestered all the Wildtype (WT) and TL mutant ECs were immobilized on beads and chased in the presence or absence of Rho. T, termination efficiency. R, the percentage of released RNA at the termination zones shown by red lines. Asterisks show the termination sites, which are particularly strong in 'fast' G1136S and 'slow' I1134V mutants compared with the wild type. b, Rho is not effective against heterologous RNAP. The initial EC19 was prepared with either E. coli or T7 RNAP, using identical DNA templates except for the corresponding promoters (shown schematically above), and then chased in the presence of Rho and dATP. NTP concentration was selected to ensure a slower elongation by T7 RNAP than E. coli RNAP (Supplementary Fig. 9 ). Red solid and dotted lines indicate the robust and weak termination zones, respectively. c, Effects of E. coli RNAP mutations and T7 RNAP on Rho termination. Results are average values from at least two experiments. Mutations leading to profound changes in Rho termination are highlighted in red. d, Suppression of Rho termination by Tgt. Rho and Tgt were added as indicated to the initial EC immobilized on beads. After the completion of the chase reaction, the beads were washed (as indicated) to monitor the RNA release. R indicates the amount of released (washed out) RNA due to Rho action. Red asterisks indicate representative major Rho termination sites, which were absent from Tgt probes. Blue asterisks indicate representative major EC stop sites caused by Tgt. These stalled complexes became resistant to Rho termination, remaining mostly intact after incubation with Rho. Green asterisks indicate representative major pause/arrest sites present in all probes, and serve as reference points. Tgt also inhibited Rho-mediated dissociation of these ECs. WT, wild-type RNAP; R933A, TL-mutant RNAP.
Rho and prevented it from acting on active ECs. Taken together, these results demonstrate the following. First, initial and specific Rho binding to RNAP is a critical step in the termination pathway. Second, Rho does not move along the RNA towards RNAP; rather, Rho association with RNAP results in an RNA loop that tightens as Rho drags the transcript through itself (Fig. 4d) . Third, Rho association with RNAP alters its elongation properties (Fig. 4b) , suggesting a role for Rho during elongation.
In this work we have identified two crucial steps in the Rho termination pathway: specific Rho binding to RNAP early in elongation, and formation of the trapped complex at the termination sites (Fig. 4d) . Mapping of the 39 RNA contacts in the trapped ECs showed that the 39 terminus interacts with a different part of the mobile TL domain from that in the active EC ( Fig. 2 and Supplementary Figs  5-7) , suggesting that Rho induces a conformational change in the TL domain, which leads to EC inactivation. Recent structural and biochemical studies revealed that the TL domain assumes different conformations, serving as an ultimate sensor and effector of the elongation process 17, [20] [21] [22] [23] . Consistent with these observations is the observation that point mutations in the TL domain 17 change the efficiency of Rho termination (Fig. 3) . Inhibition of Rho termination by tagetitoxin (Fig. 3d ) directly implicates the TL domain both in Rho-induced formation of the trapped complex and in EC dissociation. The latter implies that Rho-induced unfolding of the TL domain, which comprises the bottom of the clamp, results in clamp opening and a loss of all major interactions between RNAP and nucleic acids, thus causing EC destabilization. Figure 4d illustrates the resulting model of Rho termination. Rho binds to RNAP at the start of transcription. Once the RNA becomes long enough, Rho has an opportunity to load onto it (forming the RNA loop) and to drag the transcript through its cavity by using energy derived from ATP. Eventually a topological strain results in the inactivation of RNAP (trapped complex formation), which involves a conformational change in the TL domain at the catalytic centre. The trapped EC is sensitive to salt, indicating that its hybrid is partly unwound and/or that the clamp is opened as a result of the motion of the TL domain. The unstable, trapped complex eventually dissociates, but Rho remains bound to RNAP for the next cycle of transcription.
Our data exclude alternative models of Rho termination. Neither the forward translocation model nor the shearing/spooling models of Rho termination are consistent with the results presented here (Figs 2 and 3, and Supplementary Figs 4 and 11) . We propose that instead of pushing RNAP or pulling RNA, Rho invades the main channel of the EC to unwind the hybrid from its upstream edge (Fig. 4d) , using either its powerful RNA:DNA helicase activity 24, 25 or steric interference, in a similar manner to the mechanism of intrinsic termination, in which the hairpin invades the main channel, causing the upstream portion of the hybrid to melt [26] [27] [28] . The lid domain has been implicated in the separation of the nascent RNA from the DNA template strand at the upstream edge of the hybrid 29, 30 . Mutation of the lid strongly inhibited Rho termination (Fig. 3c) . It is therefore possible that by pushing against the lid Rho facilitates hybrid melting. Simultaneously, the lid is connected to the TL domain by means of the rigid domains of b9, which could allosterically transmit the inhibitory signal to the catalytic centre. Formation of the trapped complex is the rate-limiting step in the Rho termination pathway that determines the position of the termination site. Because the dismantling of the stable EC requires more time and energy than its inactivation, such a 'spider' strategy (trap first, kill later) must be highly effective. The structural organization and principles by which RNA and DNA are retained in the EC are conserved among all cellular RNAPs, arguing that the basic structural pathway leading to termination is universal.
METHODS SUMMARY
DNA templates were obtained by PCR-directed fusion of the T7 A1 promoter to the transcribed regions containing aRut or trpt9 sequences. NTP substrates were purified by ion-exchange chromatography. Preparation of start-up ECs and solid-phase transcription reactions (walking) were performed as described 31 . P279S did not cause any termination (lane 4), and it also prevented termination by Rho added subsequently (lanes 5). Rho P279S markedly altered the pause distribution profile: most pauses disappeared, some new pauses appeared (indicated by green arrows) and some pauses became much stronger (indicated by pink arrows). A similar effect on elongation can be observed with Rho, although masked by termination. c, Early binding of Rho to the EC is crucial for termination. EC11 was chased without Rho (lane 1), together with Rho (lanes 2, 4 and 5), or after a 1-min preincubation with Rho (lane 3). In lanes 4 and 5, Rho was premixed with a twofold molar excess of E. coli or T7 RNAP, respectively. Overall termination efficiency (T) was calculated as described in Methods. Red asterisks indicate early Rho termination sites, which became particularly strong if Rho preincubation occurred (lane 3). T* indicates the relative amount of these terminated products. d, The molecular pathway to Rho termination (see the text for details).
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was washed three times in 1 ml of TB100, twice in 1 ml of TB1000 (to remove EcoRQ111) and twice in 1 ml of TBGlu (100 mM potassium glutamate pH 8.0, 10 mM magnesium glutamate) and walked to the termination site. The halted ECs were divided into 10-ml samples, then mixed with 1 mM dATP and either 0.4 mM Rho or mock solution. Each sample was incubated for the indicated durations at 37 uC. Half of each sample was chased for 5 min at 23 uC with 30 mM NTPs before quenching; the other half was washed once in TB1000, once in TBGlu and quenched. For a runoff reaction, immobilized EC21 was incubated for 5 min at 23 uC in the presence of either 0.4 mM Rho or mock solution. One half was chased for 10 min at 37 uC before quenching; the other was washed once in TB1000, once in TBGlu, and quenched. T7 RNAP experiments were performed as above but with 3 mM NTPs for the runoff assays. For the crosslinking experiment EC156 was incubated with 20 mM sUTP for 5 min at 23 uC and washed four times in TB10. The resulting EC157 was incubated with 1 mM dATP (with or without 0.4 mM Rho) for 10 min at 37 uC. Crosslinking and single-hit protein degradation was performed as described 28 . Conditions for Rho binding to the RNAP and open promoter complex are described in the legend to Supplementary Fig. 10 . 
METHODS
DNA templates and proteins. The T7A1-trpt9 template was a 550-base-pair PCRamplified fragment carrying the T7A1 promoter fused to the trpt9 terminator. Its transcribed sequence is 59-ATCGAGAGGG agcaaccgct ggagttccaa cttacgtcat ttttccgccc aacagtaata taatcaaaca aattaatccc gcaacataac accagtaaat caataatttt ctctaagtca cttattcctc aggtaattgt taatatatcc agaatgttaa tcaaaatata ttttccctct atcttctcgt tgcgcttaat ttgactaatt ctcattagcg actaatttta atgagtgtgg gatcc-39. The transcribed portion of T7A1 is shown in capital letters; rutA and rutB sites are underlined. The T7A1-aRut-lacZ template was a 744-base-pair PCR-amplified fragment carry ing the T7A1 promoter. Its transcribed sequence is 59-ATCGAGAGGG CCACGGCGAA CAGCCAACCC AACCGAACAG GCCTGCTGGT gacttctcct ctgtctcctt cttccttctc ctctgtctcc ttcttcctcc gtcgttttac aacgtcgtga ctgggaaaac cctggcgtta cccaacttaa tcgccttgca gcacatcccc ctttcgccag ctggcgtaat agcgaagagg cccgcaccga tcgcccttcc caacagttgc gcagcctgaa tggcgaatg-39. The transcribed portion of T7A1 is shown in capital letters; the artificial rut (aRut) site (underlined) is followed by a part of the lacZ gene. All other templates were prepared from this template by PCR-mediated mutagenesis. All modifications are shown in the figures. His 6 -tagged wild-type, Zipper, Lid and zinc-finger mutant RNAPs were purified and immobilized on Talon Co 21 beads (Clontech) as described 31 . A plasmid expressing RpoC lacking the entire zinc-finger was provided by R. Weisberg. His 6 -tagged Dflap RNAP was provided by K. Severinov, TL R933A RNAP was provided by I. Artsimovitch, and T7 RNAP was from Roche; EcoRQ111 was expressed and purified as described Rho proteins were expressed from pET21a (1) vectors and purified as described in ref. 16 . Rho P279S was obtained by site-directed mutagenesis and purified in the same way. Transcription reactions. All NTP substrates were purified by ion-exchange chromatography 31 . The preparation of start-up ECs and solid-phase transcription reactions (walking) were performed as described 31 . In brief, His 6 -RNAP (about 2 pmol) was mixed with a twofold molar excess of DNA in 20 ml of TB50 (10 mM MgCl 2 , 40 mM Tris-HCl pH 7.9, 50 mM KCl) for 5 min at 37 uC followed by the addition of ApUpC (10 mM; Oligos Etc.), GTP and ATP (25 mM) for 10 min. Next, 5 ml of TB100-equilibrated Talon Co 21 affinity bead suspension (Clontech) were added for 5 min at 23 uC. [a- ; NEN Life Sciences Products) was added for 5 min, followed by washing of the beads three times in 1 ml of TB1000 (composition as TB50 but containing 1,000 mM NaCl) and twice in 1 ml of TBGlu. For run-off experiments the start-up EC was chased with 1 mM ATP, CTP and UTP and 25 mM GTP for 10 min with or without 0.4 mM Rho at 37 uC. To prepare trapped complexes, 0.1 mg of EcoRQ111 was added to the start-up EC for 5 min at 23 uC, followed by chasing with 100 mM NTPs for 2 min. The resulting EC156 was washed three times in 1 ml of TB100, twice in 1 ml of TB1000 (to remove the roadblocking EcoRQ111), and twice in 1 ml of TBGlu. For walking to downstream positions, 5 mM NTPs were used. The final complexes were washed three times in 1 ml of TBGlu and divided into 10-ml aliquots. Rho and dATP were added to 0.4 mM and 1 mM, respectively. Complexes were incubated at 37 uC before being chased with a limited NTP set (100 mM) or washed with TB700. For the experiment shown in Fig. 3d , 0.5 U of tagetin (Epicentre) was used.
For the experiment shown in Fig. 4c, 3 pmol of template DNA (A1-trpt9) was mixed with 6 pmol of E. coli RNAP holoenzyme in 20 ml of TBGlu and incubated for 5 min at 37 uC. AUC primer (10 mM), GTP (25 mM) and ATP (25 mM) were added to the mixture and incubated for 10 min at 37 uC. The mixture was transferred to room temperature, 2 ml of [a-32 P]CTP were added and incubation was continued for a further 5 min. The resulting EC11 was transferred to 10 ml of TBGlu-equilibrated Talon Co 21 affinity bead suspension and incubated for 5 min at room temperature. The beads then were washed four times in 1 ml of TBGlu. TBGlu (30 ml) was added to the EC11 and the mixture was divided into 10-ml aliquots. Rho was added to a final concentration of 100 nM, either alone or together with 200 mM NTPs. E. coli RNAP core enzyme (200 nM) or T7 RNAP (200 nM) was added to the chase reaction as indicated. One sample was chased without Rho, but an equal amount of mock solution (50% glycerol, 50% TBGlu) was added instead. Chasing continued for 5 min at 37 uC in the presence of 10 mM rifampicin. One sample was preincubated with Rho for 5 min at room temperature before the chase. Reactions were stopped by the addition of 10 ml of stop buffer (8 M urea and 20 mM EDTA in 13 TBE); samples were extracted with phenol/chlorophorm, precipitated with ethanol and redissolved in 10 ml of water plus 10 ml of stop buffer.
For the experiment shown in Fig. 3b, 3 pmol of template DNA was mixed with 6 pmol of T7 RNAP or E. coli RNAP holoenzyme in 20 ml TBGlu and incubated for 5 min at 37 uC. GTP (200 mM) and ATP (100 mM) were added to the mixture and incubated for 10 min at 37 uC. The mixture was transferred to room temperature, 2 ml of [a-32 P]CTP was added, and incubation was continued for a further 5 min. The resulting EC19 was divided into 10-ml aliquots; Rho was added to a final concentration of 0.4 mM to one sample and an equal amount of the mock solution (50% glycerol, 50% TBGlu) was added to another. After incubation for 5 min at room temperature, the samples were chased in the presence of 100 mM ATP, GTP and 3 mM CTP, UTP (T7 RNAP) or 100 mM ATP, GTP, CTP and UTP (E. coli RNAP) for 5 min at 37 uC. Reactions were stopped by the addition of 10 ml of stop buffer; samples were extracted with phenol/chlorophorm, precipitated with ethanol and redissolved in 10 ml of water plus 10 ml of stop buffer.
Percentage efficiencies of Rho-dependent termination (T) were calculated by dividing the amount of radioactivity in all the termination bands (sensitive to washings) by the total radioactivity present in those and all read-through bands. Percentage efficiency of RNA release (R) was calculated by dividing the amount of radioactivity in major termination bands remaining after washing the beads by the total radioactivity present in those and corresponding pre-washed bands. When calculating R, the values were also normalized to the mild background radioactivity loss, which occurs as a result of the inadvertent loss of beads after multiple washings. All the numbers are statistically significant and represent average values from at least three independent experiments. Rho binding assays. Conditions for Rho binding to the RNAP holoenzyme and open promoter complex are described in the legend to Supplementary Fig. 10 . Crosslinking and mapping of the crosslinked sites. EC156 was obtained as described above. 4-Thiouridine-59-triphosphate (20 mM; TriLink Inc.) was added for 5 min at 23 uC. The resulting EC157 was washed four times in 1 ml of TBGlu and incubated with 1 mM dATP (with or without 0.4 mM Rho) for 10 min at 37 uC. The resulting complexes were washed four times in 1 ml of TB10 (10 mM KCl, 10 mM MgCl 2 , 20 mM Tris-HCl pH 8.0). The crosslink in the resulting trapped complex was induced by ultraviolet irradiation at 308 nm for 10 min with a handheld ultraviolet lamp (Cole-Palmer 9815 series lamp) placed above an Eppendorf tube held in ice. The samples were treated with imidazole at 150 mM to remove the complexes from the Co 21 beads, and the supernatant material was fractionated by SDS-PAGE, followed by autoradiographic visualization. Mapping of crosslinked sites was performed by limited chemical degradation. b9 and b subunits carrying the radioactive adduct were excised from the gel and eluted with 3 volumes of 0.2% SDS at 37 uC for 1 h. The eluate was freeze-dried with a SpeedVac and redissolved in water to a final concentration of 1-2% SDS. Protein degradation effected by CNBr (at Met residues) and 2-nitro-5-thiocyanobenzoic acid (NTCBA) (at Cys residues) was performed as described in ref. 34 . Gels containing radioactive materials were scanned on a PhosphorImager. 
